spectrometric analysis of the resulting fractions. Pioneering, comparative analyses of co-57 fractionation patterns of native complexes have revealed extensive re-organization of the 58 modular proteome across metazoans (Wan et al., 2015) and following induction of apoptosis 59 (Scott et al., 2017) . However, the co-fractionation approach has been beset by limited SEC 60 resolution, and limitations inherent in data dependent analysis (DDA) mass spectrometry, the 61 method almost universally used in co-fractionation studies. These include limited proteomic 62 depth and accuracy of quantification and stochastic peptide sampling (Aebersold and Mann, 63 2016) . Collectively, these limitations resulted in the need for multidimensional separation to 64 assign proteins to specific complexes and, for the most part, unknown error levels of complex 65 assignments (Kristensen et al., 2012; Scott et al., 2017; Stacey et al., 2017; Wan et al., 2015) . 66 extractable from mitotic cells ( Figure 1B ). This is apparent from the lower cumulative ion 125 intensities across most fractions ( Figure 1D ) and is potentially a consequence of mitotic 126 reorganization including nuclear envelope breakdown. The thus generated set of protein 127 abundance profiles was the basis for the further analyses. 128 
150
Quantification of protein association state changes from SEC-SWATH-MS data 151 The distribution of protein intensities per fraction for either condition provides a bird's eye 152 view of the acquired dataset ( Figure 1E ). To detect proteins that show significant changes 153 with respect to their association with specific protein complexes, we applied a scoring system 154 that quantifies protein mass re-distribution across distinct elution ranges based on two or more 155 proteotypic peptides quantified by SWATH-MS in each peak. The association of proteins 156 with protein complexes was carried out by the CCprofiler (Heusel, Bludau et al., 2019) a 157 software tool that implements a complex-centric strategy using prior knowledge of protein 158 complex composition. To detect quantitative changes of protein complex quantity and 159 composition in either cellular state, we added to the CCprofiler tool a new module supporting 160 differential quantification. It performs the sequential steps schematically shown in Figure 2B . 161
In the first step, signal intensities of SEC-fractions are normalized to a spike-in standard, 162 missing values are imputed using the background signals from neighboring SEC fractions and 163 SEC traces are aligned across experiments ( Figure 2B , panel 1, for details and tools used see 164 experimental procedures). The result of the first step is a calibrated and refined list of peptides 165
and their respective intensities per fraction. 166
In the second step, the peptide level data are used to detect protein elution peaks along the 167 SEC dimension. This is achieved by selecting a high quality set of peptide traces, by summing 168 peptide intensities across replicates and conditions and by then employing the CCprofiler 169 protein-centric analysis module to infer protein elution peaks. An elution peak is derived from 170 the observation of co-eluting peaks of groups of sibling peptides derived from the same parent 171 protein (See Figure 2B , step 2. and peak detection summary and example in Supplemental 172 Figure S4A&B ). This analysis resulted in a total of 6,040 elution peaks of 4,515 of the 173 identified proteins. Accordingly, protein-centric analysis successfully detects peptide co-174 elution peak groups from 90% of the identified proteins and their peptide SEC profile sets, 175
with no high quality elution signal detectable for the remaining proteins at the confidence 176 threshold (q-value < 0.05). The distinctive elution peaks represent unique complex assembly 177 states of the respective proteins. Consistent with previous protein-centric analyses of the 178 proteome of cycling HEK293 cells (Heusel, Bludau et al., 2019) , the majority of the observed 179 elution peaks in the present dataset fell into a SEC separation range consistent with the 180 association of the protein with a complex. 181
The distinctive protein elution peaks and their signal intensities computed in step two provide 182 the basis for the third step we term 'differential association testing'. Here, we calculated the 183 log2-transformed abundance of each peptide per replicate for each observed protein elution 184 peak in the six samples, resulting in six quantitative measurements per peptide per elution 185 peak. For each peptide, differential abundance was then tested for each elution event using a t-186 statistic ( Figure 2B , step 3. and exemplified for BAF53 in Supplemental Figure S4B ). To 187 obtain a significance measure of differential abundance of individual protein elution peaks, 188 the median peptide level p-value of all peptides per protein per elution peak were integrated 189 based on a scoring scheme assuming a beta distribution of the respective values, as described 190 (Suomi and Elo, 2017) . To generate the final differential protein association map, proteins are 191
represented by the peak with highest fold-change and shifting proteins assigned based on cut-192 offs along the Benjamini-Hochberg-adjusted p-value (pBHadj score) and absolute SEC-193 The application of the method described above to the triplicate data obtained from two cell 225 cycle states indicated substantial rearrangement of the proteome. Specifically, 2,189 SEC 226 elution peaks of 1,793 proteins showed significant changes in abundance (pBHadj score ≤ 227 0.01, absolute SEC-localized fold-change ≥ 1.5, Figure 3A ) and 1,626 shifts in the SEC 228 elution range of assembled higher-order complexes. In the following, we further assessed the 229 results at three levels: First, the technical reproducibility of data generation and analysis, However, these progressive effects were efficiently compensated by normalization based on 252 reference spike-in peptides (Supplemental Figure S2A and see experimental procedures). 253
The high degree of reproducibility achieved for the overall workflow was further apparent 254 from protein-level SEC chromatograms reconstructed from the independent experimental 255 repeats (See replicate SEC chromatograms of a select set of proteins given in Figure 3G Figure 3B ). Second, we related the results obtained in this study to 269 specific complexes that are known to be present at different assembly states in the cell cycle 270 states tested (Vermeulen et al., 2003) . The best confirmed and generally accepted events of 271 this type include the mitotic activation of CDK1 by binding to its partner cyclin B1 (Gavet 272 and Pines, 2010) and the mitotic disassembly of nuclear pore complexes (NPCs) (Linder et 273 al., 2017) . We found both events confirmed by the SEC-SWATH data. Figure 3C Thermal Protein Profiling (TPP) ( Becher et al, 2018) . 334
First, we compared the proteome coverage achieved by the respective methods. The SEC-335 SWATH-MS dataset identified 5044 proteins. Of these 4515 showed detectable SEC elution 336 peak of which after statistical filtering 4480 protein elution profiles were scored (for details 337 on dropouts see experimental procedures). This number is comparable to that achieved by 338 TPP (n = 4779). CETSA achieved a markedly lower coverage at n = 2777 proteins. More than 339 600 proteins were exclusively characterized by SEC-SWATH-MS ( Figure 4A ). 340
Second, for each method we selected the 1000 proteins that showed highest scores indicating 341 mitotic change and compared the observability of expected patterns of mitotic change within 342 this set. For SEC-SWATH-MS the scoring was based on pBHadj/FC rank sum; for CETSA 343 on deltaFC and for TPP on deltaTm ( Figure 4B and methods section). Whereas the three sets 344 of top ranked proteins method showed a small overlap of 92 of 2409 proteins, the functional 345 and pathway annotation enrichment patterns of the three protein sets were in good agreement 346 between CETSA and SEC-SWATH-MS. Both workflows uncovered changes in "RNA 347 processing", "nuclear transport" and "chromatin organization" processes. The CETSA protein 348 set was also enriched for enzymes involved in "protein methylation and metabolic processes" 349 ( Figure 4D Figure 4C ). 373
Fourth, we compared the sensitivity of the methods to recapitulate known biochemical events 374 of mitotic disassembly of NPCs. In this comparison, SEC-SWATH-MS showed the highest 375 degree of sensitivity as nucleoporins were ranked highest in the priority lists compared to the 376 priority lists generated by the other methods ( Figure 4F ). This comparison validates the SEC-377 SWATH-MS differential workflow to generate biological insights similar to those obtainable 378 via CETSA and at extended proteome coverage comparable to that achieved in the TPP 379 workflow. 380
Overall, these three levels of benchmarking showed high performance of the SEC-SWATH-381 MS differential workflow, including the extended CCprofiler tool, to reveal altered protein 382 association states in biological samples with high sensitivity and broad proteomic coverage. In 383 addition, the chromatographic profiles contain extended layers of information such as the 384 specific composition and abundance of distinct complexes and also indicate quantitative 385 changes in protein abundance. 386 and mitotic HeLa CCL2 proteome mass was observed in complex-assembled state (57 ± 6% 447 and 58 ± 4%, respectively). In terms of protein numbers 70 ± 2% and 72 ± 2% of detected 448
proteins were detected at least in part in complex assembled state in interphase and mitosis, 449 respectively. 450
To next explore differences in protein profiles observed between conditions, we applied 451 protein-centric peak detection per each cell cycle state. To increase signal-to-noise we merged 452 the three replicates and detected 5,291 and 5,637 distinct elution peaks for 4,083 and 4,264 453 proteins in interphase and mitosis, respectively. Based on the apex SEC fraction and 454 associated apparent molecular weight, the 1-5 elution peaks observed per protein were 455 assigned to likely assembled or monomeric pools of the total protein population ( Figure 5A) . 456
According to these assignments, 29 and 25% of proteins were observed eluting exclusively in 457 monomeric form, while 71 and 75% of proteins were observed in at least one complex-458 assembled form in interphase and mitosis, respectively. A significant fraction of proteins was 459 further observed eluting in both, monomeric and complex assembled form(s) (12% in both 460 interphase and mitosis, respectively). These results indicate that in either cell cycle state a 461 significant fraction of the proteome was associated with complexes that are accessible to 462 differential quantification of protein association state changes via SEC-SWATH-MS and 463
CCprofiler. 464
We further used the ensemble of protein patterns to determine which proteins and associated 465 functions displayed a change in protein complex association between the two cell cycle states 466 Table  495 2. 496 The results in Figure 5G&H illustrate two complexes without GO annotation for "cell cycle" 497 but with strong evidence for mitotic changes. For both complexes all CORUM subunits were 498 detected. The first is the cell-cycle-dependent assembly of the TRF2-RAP1 complex in 499 mitosis observed by strong SEC shift scores of both subunits and co-elution of RAP1 and 500 TRF2 with apex in SEC fraction 21 (ca. 950 kDa) in mitotic cells but not interphasic cells. As a second example, we observed striking changes in the elution profile of the Nup107-160 527 sub-complex of the NPC (Corum ID 87, Figure 5H ). All 9 subunits were detected with 528 significant SEC shifts ( Figure 5H, middle panel) . In mitotic cells, the complex was observed 529 based on a co-elution peak group formed by all subunits at a molecular weight of 2.8 MDa 530 (Apex fraction 13, Figure 5H , right panel). In interphase cells, no defined co-elution peak 531 was detected in this size range, suggesting the presence of the Nup107-160 sub-complex 532 exclusively in mitotic extracts. Interestingly, the subunit SEC13 was observed in a second 533 peak at ~ 1 MDa in both cell cycle states, suggesting its presence in an additional complex 534 resolved by SEC. We surmised that this peak may represent SEC13 in the context of its 535 alternative functional role in COPII vesicle-mediated transport (Tang et al., 1997) . To test this 536 hypothesis, we overlayed the elution profiles of the SEC13 partners in the coatomer complex 537 and, indeed, observe co-elution with its partner SEC31 but not with the adaptor proteins 538 SEC23A/B and SEC24/B (See Supplemental Figure S6 ). These observations demonstrate 539 the capacity of our method to capture mitotic liberation of Nup107-160 sub-complexes from 540
NPCs in and to resolve protein engagement across different functional contexts. Mitotic 541 disassembly of NPCs is a hallmark of mitotic progression (Linder et al., 2017) but this event 542
has not been annotated in the respective GO terms. This insight into complex dynamics at 543 sub-complex resolution led us to explore whether SEC-SWATH-MS chromatographic 544 profiling could reveal further and potentially novel aspects of mitotic NPC disassembly (see 545 below). 546
In summary, these results show that a major portion of the proteome changes at the level of 547 complex association between mitotic states and that hundreds of specific complex remodeling 548 events were apparent from the data. Insights at sub-complex resolution warrant in-depth 549 analysis of chromatographic profiles not only for newly implicated proteins but may also 550 reveal novel or additional roles of proteins with known functions in cell cycle progression. 551 Figure 6B, right panel) . 667
Next, we analyzed proteins co-isolated with Nup58 by mass spectrometry and used the 668 number of identified mass spectra as semi-quantitative measure to estimate protein retrieval 669 from cells in either cell cycle state and respective controls. The results further confirmed the 670 co-purification of NUP93 and NUP188 and also showed the presence of the inner ring 671 complex component NUP205 ( Figure 6D) . Notably, NUP205 was consistently detected in the 672 SEC elution range under investigation (F21-F27) but did not show a distinctive co-elution 673 peak. Neither NUP50 nor TPR were detected as significant components of the isolates and are 674 unlikely to represent bona fide components of the new sub-complex. (Figure 6D ). Thus, 675
Nup50 is likely part of a different, independent protein complex eluting at a similar position 676 in SEC, which can motivate future research on the mitotic fate of this Nup. Our study generated new and confirmed known biological insights. For example, only a 813 subset of the CDK1 pool is recruited to upregulated CCNB1 in mitosis (31% appear to remain 814 monomeric, compare Figure 3D ). This effect cannot be attributed to incompletesynchronization of the analyzed cell populations. We surmise that the degree of assembly acts 816 as an additional layer of CDK1 activity control by defining the cellular concentration of 817 assembled CCNB1-CDK1 complexes that can be transferred to an active state by protein 818 phosphorylation (Nigg, 1993 ). This notion is relevant for ongoing drug development 819 programs that target the respective interaction interfaces as alternative anticancer strategy 820 (Peyressatre et al., 2015) . 821
Differential SEC-SWATH-MS data also illustrated the process of mitotic disassembly of 822
NPCs into distinctive sub-complexes. This allowed us to identify a novel mitotic sub-complex 823
and to extend the model for mitotic NPC disassembly (Laurell et The specific complexes discussed in this paper, including the novel NPC disassembly 837 intermediates only represent a small fraction of the information contained in the dataset of 838 5,044 proteins of which 1,793 showed significantly different association with complexes 839 across the two cell cycle states analyzed. To support further in depth interrogation of the 840 dataset we disseminate it in an easily browsable form via SECexplorer-cc. To infer strong 841 hypotheses on novel players that justify at times costly and lengthy follow-up experiments, it 842 is important to bear in mind inherent limitations of and potential confounding effects in the 843 experimental system. These include i) differential extractability of proteins due to cellular re-844 organization, exemplified by breakdown of the nuclear envelope upon mitotic entry, ii) 845 indirect effects, i.e. rearrangement as a mere consequence rather than cause of the altered state 846 of the biological system, iii) confounding effects of the experimental procedure, such as e.g. Another thrust for further development of the method is bioinformatic information retrieval. 865
We here deliberately chose an approach that makes use of all peptide level information to 866 detect rewiring proteins with maximal sensitivity and at optimal breadth. However, alternative 867 computational strategies can be envisaged that will support the retrieval of additional 868 information from SEC-SWATH-MS data. These include were resuspended in SDS-sample buffer and briefly denatured at 95°C. Protein was resolved 945 by SDS-PAGE and transferred to nitrocellulose blotting membranes (GE Healthcare). 946
Membranes were blocked over night with 5% skim milk powder in PBS-T (PBS containing 947 0.1% Tween 20). Subsequently, membranes were incubated at RT for 1 h with indicated 948 antibodies diluted in 5% milk-PBS-T. Primary rabbit polyclonal antibodies directed against 949 NUP188, NUP93, NUP53 and NUP54 have been described (Linder et al., 2017) . Antibodies 950 directed against actin (Sigma, cat no. A1978), HA (Roche), pH3 (Cell signaling, cat no. 951 9701S) and NUP62 (Abcam, cat no. ab188413) are commercially available. After three 952
washing steps with TBS-T secondary antibody solutions were applied in 5% milk-PBS-T andmembranes kept shaking for 1 h at RT. Subsequent washing was followed by detection. HRP-954 conjugated secondary antibodies used to detect primary antibodies included goat anti-rabbit 955
IgG and goat anti-mouse IgG (Sigma-Aldrich). Chemiluminescence was initiated using ECL 956 detection reagent (GE Healthcare) and the signal was detected using Fuji RX film ( quantitative analysis. For library generation purposes, a few fractions from an extended 985 elution range were analyzed (up to fraction 89). In order to minimize time-sensitive artifacts 986 of complex disassembly under dilution, samples were processed independently to achieve a 987 fixed processing time-to-column of 1.5-2 h. Apparent molecular weight per fraction was log Table ST1: Global protein quantification summary tableSupplemental Table ST2: Global protein elution peak detection and statistical scoring  1229   summary table  1230   Supplemental Table ST3: Global complex remodeling summary table  1231 
